Pulse oximetry is based on the technique of photoplethysmography (PPG) wherein light transmitted through tissues is modulated by the pulse. In addition to variations in light modulation by the cardiac cycle, the PPG signal contains a respiratory modulation and variations associated with changing tissue blood volume of other origins. Cardiovascular, respiratory, and neural fluctuations in the PPG signal are of different frequencies and can all be characterized according to their sinusoidal components. PPG was described in 1937 to measure blood volume changes. The technique is today increasingly used, in part because of developments in semiconductor technology during recent decades that have resulted in considerable advances in PPG probe design. Artificial neural networks help to detect complex nonlinear relationships and are extensively used in electronic signal analysis, including PPG. Patient and/or probe-tissue movement artifacts are sources of signal interference. Physiologic variations such as vasoconstriction, a deep gasp, or yawn also affect the signal. Monitoring respiratory rates from PPG are often based on respiratory-induced intensity variations (RIIVs) contained in the baseline of the PPG signal. Qualitative RIIV signals may be used for monitoring purposes regardless of age, gender, anesthesia, and mode of ventilation. Detection of breaths in adult volunteers had a maximal error of 8%, and in infants the rates of overdetected and missed breaths using PPG were 1.5% and 2.7%, respectively. During central apnea, the rhythmic RIIV signals caused by variations in intrathoracic pressure disappear. PPG has been evaluated for detecting airway obstruction with a sensitivity of 75% and a specificity of 85%. The RIIV and the pulse synchronous PPG waveform are sensitive for detecting hypovolemia. The respiratory synchronous variation of the PPG pulse amplitude is an accurate predictor of fluid responsiveness. Pleth variability index is a continuous measure of the respiratory modulation of the pulse oximeter waveform and has been shown to predict fluid responsiveness in mechanically ventilated patients including infants. The pleth variability index value depends on the size of the tidal volume and on positive end-expiratory pressure. In conclusion, the respiration modulation of the PPG signal can be used to monitor respiratory rate. It is probable that improvements in neural network technology will increase sensitivity and specificity for detecting both central and obstructive apnea. The size of the PPG respiration variation can predict fluid responsiveness in mechanically ventilated patients. (Anesth Analg 2013;117:859-65) www.anesthesia-analgesia.org
ANESThESIA & ANALgESIA between oxygenated and deoxygenated hemoglobin at 2 wavelengths, red (approximately 660 nm) and infrared (approximately 940 nm). Studies evaluating the PPG respiratory variation have mostly used the same wavelengths. Kamal et al., 1 who conducted an early review, proposed that wavelengths from 600 to 700 nm are the most effective in PPG. DC changes during respiration and breathholding are similar but not identical at wavelengths from 405 to 1064 nm. 2 Also, the shape of the AC component differs between recordings at different wavelengths. Longer wavelengths penetrate deeper into the tissue and collect information from different blood vessels than shorter wavelengths.
HISTORY ON PPG
In 1937, Hertzman and Spealman 3 reported that PPG could be used to measure blood volume changes in the finger. Some years later, the signal was split into the AC and DC components. Artifacts caused by movement of the probe against the skin were identified in the 1930s and led to the development of positioning devices. Illumination was another issue, because the early light sources gave light with a wide spectrum without constant intensity. Developments in semiconductor technology involving light-emitting diodes, photodiodes, and phototransistors during recent decades have resulted in considerable advances in PPG probe design.
The most widely used application of PPG is pulse oximetry. Squire 4 recognized in 1940 that the transmission of red and infrared light through tissue changed with saturation. Thirty years later, a Japanese engineer, Takuo Aoyagi, was able to compute arterial saturation by looking at the ratio between AC and DC at 2 different wavelengths, red and infrared. 5 Pulse oximeters were marketed worldwide in the 1980s. By using respiratory modulation of the cardiovascular system, dynamic parameters reflect volume status and predict the value of a fluid bolus. The AC and DC components are used similarly, with an automated function, pleth variability index (PVI), commercialized in 2007.
FREQUENCY COMPONENTS IN THE PPG SIGNAL
Spectral analysis techniques can be used to characterize oscillations by dividing them into their sinusoidal components. Cardiovascular, respiratory, and neural fluctuations in the PPG signal can all be characterized accordingly. One subdivision is shown in Table 1 . The ranges are approximate, because, for example, the respiratory rate can lie outside the range of 11 to 18 per minute.
ARTIFACTS IN THE PPG SIGNAL
PPG measurements are sensitive to patient and/or probetissue movement artifacts and are frequent sources of signal interference. Physiologic variations such as vasoconstriction, coughing, a deep gasp, or yawn also affect the PPG signal. Low-and intermediate-frequency vasomotor waves might interfere with respiratory waves. There are several ways within the field of computer signal processing to address the difficulties in separating good quality recordings from artifacts. The use of adaptive digital signal processing to separate the venous and arterial absorbance signals has been successful in displaying saturation during patient motion. 6 The PPG pulsatile component has the main component focused on efforts to achieve artifact reduction.
ARTIFICIAL NEURAL NETWORK
Artificial neural networks are extensively used in electronic signal analysis, including PPG. In an artificial neural network, a structure of mathematical units (neurons) is constructed. The units form mathematical algorithms. Neural networks gather their knowledge by detecting the patterns and relationships in data and learn through experience, not from programming. They detect complex nonlinear relationships between dependent as well as independent variables. 7
INTERACTION BETWEEN RESPIRATION AND CIRCULATION
Respiration and circulation are interrelated. In the late 1800s, Traube 8 and Hering 9 reported that the arterial blood pressure varied with respiratory frequency. Respiratoryinduced variations in intrathoracic pressure are transmitted to the central veins. During inspiration, venous pressure is decreased and venous return is increased. The filling pressure of the right ventricle increases, and right-ventricular stroke volume increases. Blood is pooled in the lungs and the left stroke volume is decreased. Systolic blood pressure decreases, as does, to a smaller extent, diastolic blood pressure, and heart rate increases. With expiration, the blood flow to the left side of the heart is increased, left stroke volume increases, and in the periphery, both the arterial blood pressure and the peripheral venous pressure increase. With positive pressure ventilation, the opposite circulatory effects occur. 10 Respiration causes blood volume variations on both the arterial and venous sides. Respiratory variations are more pronounced in venous return than in stroke volume from the right chamber, and even more than in left stroke volume. This is due to the greater buffering capacity of the right heart chamber and of the pulmonary circulation. The transmural right chamber pressure varies by 32%, whereas the mean arterial blood pressure in the carotid artery only varies by 2%. 11 The largest blood volume is found on the venous side of the circulatory system, and because this is a low pressure system, it is sensitive to small variations in pressure.
The venous plexus contains the major fraction of the cutaneous blood volume. Dermal blood flow is controlled via vasoconstriction mediated by the sympathetic nervous system. Arteriovenous anastomoses that are located at acral sites have dense sympathetic innervations. 12 Sympathetic efferent activity in skin is coherent with respiration. 13 These bursts appear more often during the inspiratory phase and are usually not interrupted during periods of apnea. The magnitude of sympathetic contribution to the respiratory PPG signal is small compared with the dominating changes in venous return and cardiac output.
Another phenomenon observed in the relationship between circulation and respiration is "entrainment" or "phase locking." This is a process by which an oscillating system adapts to the frequency of another oscillator, leading to synchronization of the 2 systems. 14 
CLINICAL APPLICATIONS
For continuous or long-term registration of vital signs, noninvasiveness is attractive. Because the PPG signal includes a respiratory component ( Fig. 1) , there are several possible clinical applications for using the PPG signal.
Respiratory Rate
Respiratory-induced intensity variations (RIIVs) contained in the baseline of the PPG signal have been well documented ( Fig. 2) , [15] [16] [17] [18] [19] and several methods for detecting respiratory rates from PPG are based on the RIIV component. [20] [21] [22] Qualitative RIIV signals may be used for monitoring purposes regardless of age, gender, anesthesia, and mode of ventilation. 23, 24 Different algorithms can be used to extract the respiratory rate: min-max, peak-to-peak, or pulse shape. An automatic algorithm using wavelet analysis techniques in volunteers with respiratory rates varying from 6 to 19 breaths per minute had a maximal error of 8%. 20 Respiratory rate extraction using particle filter can obtain near-continuous breathing rates. 25 The amplitude of the RIIV signal varies with ventilatory pressure 26 and subsequently with tidal volume (Fig. 3) . 18, 19 Under experimental conditions, tidal volume variations can be followed by RIIVs. 17 The amplitude is also affected by respiratory rate; amplitude decreases with increased respiratory rate. 17 Automatic algorithms are influenced strongly by the amplitude of the respiratory signal and accordingly a higher respiratory rate leads to a lower signalto-interference ratio for the RIIVs extracted from the PPG signal. The detecting capability decreases with increasing respiratory rate. 27 RIIV is more prominent during positive pressure ventilation than during spontaneous breathing. 28 This difference might be an effect of increased pressure variation in the thorax, but also by reduced sympathetic activity from the anesthesia.
The small size of the probe, the possibility of continuous monitoring, and few side effects are some explanations to perform studies that focus on PPG breath detection in infants. [29] [30] [31] In the study by Johansson et al., 29 motion disturbances were common, but during periods of nondisturbed recordings, the rates of overdetected and missed breaths using PPG were 1.5% and 2.7%, respectively. Those authors used a noncommercial reflection mode probe placed on the thigh. Wertheim et al. 31 reliably monitored respiratory rate from pleth data from a commercially available pulse oximeter during natural quiet sleep.
Another respiratory synchronous component is the frequency modulation of the heart rate, known as respiratory sinus arrhythmia. Respiratory rate can be estimated by extracting the PPG-derived heart rate variability. This ANESThESIA & ANALgESIA method is only reliable in cases of spontaneous ventilation and in individuals with sinus cardiac rhythm.
Amplitude modulations of the pulse caused by cardiac stroke volume variations affected by respiration can also be identified by PPG. The amplitudes of both the systole and diastole have been evaluated. 27 Pulse transit time is often measured as the time between the R-peak of the electrocardiogram and the onset of the peripheral pulse detected by a pulse oximeter and can be derived from signals present in standard monitoring setups. By using the beat-to-beat respiratory fluctuations in pulse transit time, almost 90% of the breaths can be detected during spontaneous breathing. 32 To decrease the error rate of detecting respiratory rhythms, a combination of detection principles can be used. Johansson 33 combined RIIV, systolic waveform, diastolic waveform, respiratory sinus arrhythmia, and pulse amplitude in a neural network. For clinical respiration monitoring applications based on PPG signals, the integration of respiratory information from several main variations seems to be a realistic approach. 20, 27 
Central Apnea
When breathing movements disappear, the intrathoracic pressure variations that drive the circulatory variation synchronously with respiration are gone. Although the rhythmic RIIV signal disappears, there are fluctuations that can interfere with registration of respiration. Irregular fluctuations of low amplitude can be observed in the peripheral venous pressure and RIIV signals during apnea. 18 Also, slower arterial pressure waves persist during apnea. 34 During apnea without respiratory movements, the respiratory rhythm of the sympathetic nerve activity seems to persist, influencing the vascular system at a periodicity of 0.1 Hz. 34 In spectral analysis during apnea, low frequency content is present in arterial blood pressure and in sympathetic nerve activity. 35 Low frequency autonomic rhythms are also unaffected by differences in respiratory rate. 35 The detection of central apnea is scarcely evaluated and more studies in the clinical setting are warranted.
Obstructive Apnea
When the airway is partly obstructed, an increase in the force of respiratory movements takes place and RIIV is more prominent. 28 Pulse transit time is inversely proportional to blood pressure, and the decreases in blood pressure that occur with inspiration correspond to a lengthening in pulse transit time. In patients with obstructive sleep apnea, the size of these inspiratory swings in pulse transit time correlates well with the degree of inspiratory effort. 36 Obstructive respiratory events also provoke a relative bradycardia and a PPG pulse amplitude increase followed by a rapid increase in heart rate and an intense vasoconstriction after the end of obstruction. 37 In a pilot study, a neural network signal analysis reached a sensitivity of 75% and specificity of 85% in detecting airway obstruction by PPG. 38 This lack of sensitivity is a major limitation in a clinical setting. Collection of a larger and more variable set of empirical data as well as improvements in neural network technology might improve future performance.
Hypovolemia
The RIIV in the baseline of the PPG signal is sensitive to hypovolemia. 26 The RIIV amplitude depends on the ventilatory changes in central venous pressure that are transmitted to the peripheral venous pressure. The venous distensibility is increased when the pressure in the veins is decreased, and the amplitude of RIIV is accordingly enlarged. 39 The arterial pressure waveform changes with hypovolemia. This has been explained by the sensitivity of leftchamber stroke volume to increased respiratory-induced fluctuations in preload. There is a high correlation, r = 0.85, between systolic pressure variation and pulse oximeter (AC) amplitude variation in patients receiving positive pressure ventilation during changes in blood volume. 40 During hypovolemia, the PPG respiratory variation is noticed earlier than that in systolic blood pressure variation, and also lasts longer during resuscitation, indicating that PPG is a more sensitive method for detection of hypovolemia during anesthesia. 41 Using frequency domain analysis, Alian et al. 42 showed that during progressive hypovolemia in spontaneously breathing subjects, there was a shift in the amplitude density of ear PPG from the cardiac to the respiratory frequencies.
When hypovolemia resulted in decreasing blood pressure, there was a shift in ear PPG modulation from autonomic to respiratory. 42 
Fluid Responsiveness
Respiratory variations in left-ventricular stroke volume are predictive of a response to volume expansion in patients with regular sinus rhythm under positive pressure ventilation with a tidal volume of 7 to 8 mL/kg. A beat-to-beat measurement of the PPG pulse synchronous waveform amplitude (POP) allows determination of maximal (POPmax) and minimal (POPmin) amplitude over a single respiratory cycle (Fig. 4) . recorded from a commercial pulse oximeter attached to a finger, if the automatic gain is disabled or held constant to allow RIIV at the baseline to emerge. 43 ΔPOP is strongly related to the respiratory variation in pulse pressure, ΔPP. 44 ΔPP is calculated over a respiratory cycle in the same way as ΔPOP. Although both are accurate predictors of fluid responsiveness, 43 the threshold values for discrimination between fluid responders and nonresponders are not numerically identical between ΔPP and ΔPOP.
Predicting fluid responsiveness is also of importance in nonanesthetized patients. One study conducted in spontaneously breathing volunteers showed that ΔPOP can reflect changes in ventricular preload. 45 RIIV is associated with the movement of venous blood and could be used for measurements assessing preload and fluid responsiveness. A theoretical advantage is that venous modulation should be unaffected by cardiac arrhythmia. Future studies could explore this field. 46 
PLETH VARIABILITY INDEX
A continuous measure of the respiratory AC component, the PVI, has been available for approximately 5 years. Perfusion index (PI) is calculated from the infrared signal, using the formula (AC/DC) × 100 and reflects the amplitude of the pulse oximeter waveform. PVI (%) is a measure of the dynamic change in PI that occurs during 1 or more complete respiratory cycles, calculated as ([PImax − PImin]/PImax) × 100.
PVI During Controlled Ventilation
PVI has been shown to predict fluid responsiveness in mechanically ventilated patients including infants in the operating theater [47] [48] [49] [50] or in intensive care. 51 Patients have mostly been studied under very stable conditions because stimulation such as nociceptive input can induce changes in vasomotor tone that changes PI. PVI is not able to distinguish between changes in PI induced by respiration from other changes. In a recent study, Hood and Wilson 49 found that PVI could also accurately predict fluid responsiveness during intraoperative dynamic conditions. The use of PVI-guided fluid management throughout surgery is associated with lower lactate levels during major abdominal surgery, but this approach does not reduce the length of hospital stay or complication rate. 52 PVI is increased when pneumoperitoneum is established and cannot predict fluid responsiveness. 53 Signal quality, body temperature, vasoactive drug infusion, depth of anesthesia, presence of nociceptive input or surgical stress, and spontaneous movements may have an impact on PI. PVI is dependent on PI. 54, 55 Decreases in PI after skin incision are accompanied by increases in the PVI. 55 In patients showing low PI measurements, PVI must be interpreted with caution. Higher perfusion states, reaching a PI >4%, improve the discrimination between fluid volume responders and nonresponders. 54 The use of norepinephrine negatively impairs the ability to guide intravascular fluid administration by PVI. 56 The PVI value depends on the size of the tidal volume and on the application of positive end-expiratory pressure. 57 A problem with the use of PVI to guide fluid administration arises from difficulty in finding an optimal cutoff value that can be recommended. Values from 9.5% 48 to 14% 47, 52 have been reported from patients under anesthesia and a threshold value of 17% 51 was found in deeply sedated patients in intensive care.
Hood and Wilson 49 compared PVI measured from the finger and earlobe, and they found that, although the PI was very low at the earlobe compared with the finger, the PVI could predict fluid responsiveness when measured in the supine position in anesthetized patients after a postinduction period of 5 minutes and before surgery was started but not during surgery. Cutoff values at the 2 measurement positions were similar, 10 and 9.5, respectively.
PVI During Spontaneous Breathing
The irregularity of spontaneous breathing with varying frequency and tidal volumes from breath to breath together with lower intrathoracic pressure variations has led researchers to question the use of PVI as a dynamic indicator for fluid responsiveness during spontaneous breathing. Furthermore, it is probable that factors influencing PI are more frequent in spontaneously breathing individuals. In contrast to the number of studies of PVI during controlled ventilation, data on PVI during spontaneous breathing are very limited. There are only a few studies showing a potential for use of PVI as a dynamic indicator. In one study, the preanesthesia PVI value correlated with the decrease in mean arterial blood pressure after induction of anesthesia. 58 In that study, great caution was applied to reduce mental stress to ensure that the patients were relaxed. Passive leg raising gives a rapid and reversible preload challenge similar to an infusion of 300 to 500 mL of colloids. Keller et al. 59 showed that a threshold PVI value of >19% was a weak predictor of response to passive leg raising in spontaneously breathing volunteers. Although PVI values increase from 18 to 22 after blood donation or a hemodialysis session, the sensitivity to detect hypovolemia is only 45%. 60 The usefulness of PVI during spontaneous breathing must be regarded as questionable.
SUMMARY
Noninvasiveness, the possibility of continuous monitoring, and few negative side effects are attractive attributes of PPG. The technique has already spread into different areas of health care. Methods for detecting respiratory rate are often based on the baseline component of the signal, and several publications have shown a high detecting capability. Detection of breaths in adult volunteers had a maximal error of 8%. A combination of respiratory information from other main variations in the signal can increase the robustness and help its clinical use. As breathing movements disappear during central apnea, the phasic PPG respiratory signal vanishes. There is, however, a risk that autonomic nerve activity can influence the PPG signal and interfere with the reading. More studies exploring central apnea detection are required. With an obstructed airway, the amplitude of the PPG signal increases, but at the same time the hemodynamic pattern changes. Obstructive apnea can be traced by PPG with a sensitivity of 75% and a specificity of 85%. Improvements in neural network technology together with combining the respiratory rate and the arterial saturation monitoring might increase sensitivity and specificity for www.anesthesia-analgesia.org
ANESThESIA & ANALgESIA detecting both central and obstructive apnea. An interesting perspective for PPG is the sensitivity for detecting hypovolemia. PVI is a continuous measure of the respiratory modulation of the pulse oximeter waveform and has been shown to predict fluid responsiveness in mechanically ventilated patients. The PVI value depends on the size of the tidal volume and on positive end-expiratory pressure. Cutoff values from 9.5% to 14% have been reported. E 
